In this work we study the link between the evolution of the internal structure of Vesta and thermal heating due to 26 Al and 60 Fe and long-lived radionuclides, taking into account the chemical differentiation of the body and the affinity of 26 Al with silicates.
Introduction
Is Vesta a terrestrial world? And if so, of which kind? Vesta is the most geologically diverse of the large asteroids, showing a surface geology as differentiated as the one of the Moon and Mars as revealed by resolved images taken by the the Hubble Space Telescope (Gaffey 1997; Binzel et al. 1997; Li et al. 2010) and recently confirmed by the spectroscopic measurements of the Dawn mission (De Sanctis et al. 2012) . Surface spectroscopy of Vesta indicates regions that are basaltic (see, e.g., McCord et al. 1970; Gaffey 1997; Binzel et al. 1997; Li et al. 2010; De Sanctis et al. 2012) , therefore due to ancient lava flows and effusive phenomena. This is surprising evidence that Vesta once had a molten interior, like the Earth does. After the crust formation, Vesta underwent an intense and extended resurfacing due to collisional evolution Coradini et al. 2011) , as can also be inferred by the presence of a large crater on the south pole (Schenk et al. 2012) .
From a spectroscopic point of view, most of the terrains of Vesta have a typical pyroxene signature (McCord et al. 1970; De Sanctis et al. 2012) , as revealed by the presence of the 0.9 and 1.9 µm absorption bands. The presence and the shapes of these bands in the spectra of Vesta, moreover, match those in the spectra of the Howardite, Eucrite, Diogenite meteorites (HEDs in the following, see, e.g., McCord et al. 1970; Gaffey 1997; De Sanctis et al. 2012 ), a match that led to the consideration of Vesta as the source of the HEDs collected on the Earth (see McSween et al. 2011 for a more detailed discussion). This would make Vesta one of few intact bodies in the Solar System that differentiated and for which rock samples are available. Therefore Vesta can be used as a case study to investigate the primordial stages of the evolution of the terrestrial planets.
The differentiation of asteroids requires a strong heat source, capable of producing high temperatures in bodies with high surface-to-volume ratios. The heat source must have also operated quite early in the history of the Solar System so that the differentiation could have occurred within the first few millions years of the Solar System (see, e.g., Scott 2007) .
Several heat sources have been proposed: the only one that currently seems to be able to meet the requirements, is the heat produced by the decay of short-lived radioactive isotopes. Among the possible isotopes the most effective both in terms of concentration and of the production of energy seems to be 26 Al (Urey 1955) . Bizzarro et al. (2005) suggested that the accretion of chondritic parent bodies ∼1.5 Ma after the formation of CalciumAluminum-rich Inclusions (CAIs in the following) is the limit to initiate the melting.
A wide range of thermal models of planetesimals with 26 Al as the heat source exists in the literature: we briefly analyze the most significant ones, describing first the models concerning Vesta and subsequently those regarding generic asteroids.
The first study on the differentiation of asteroid 4 Vesta with a numerical code was presented by Ghosh & McSween (1998) . These authors demonstrated that it is possible to sustain partial melt on Vesta for ∼100 Ma assuming radiogenic heating by 26 Al. They examined the influence of the delay time of accretion with respect to the formation time of the CAIs and they assumed instantaneous accretion. They showed that melting and core formation did not occur if the time of accretion is more than 3 Ma after CAIs formation, based on the assumption that the eucrites were generated with no more than 25 vol.% partial melting of silicate (Stolper 1977 ).
They did not use a fixed temperature at the surface, where the heat loss is governed by the energy balance between the radiation at the surface and the interior heating due to the decay of short radionuclides. They did not examine the evolution of the internal structure such as the percolation of the iron through the silicatic matrix and consequent core formation. Gupta & Sahijpal (2010) analyzed the differentiation path of Vesta and of other differentiated asteroids of sizes 20-270 km, assuming a linear accretion rate and introducing parameterized convection in the molten core and magma ocean. They included sintering but they used a constant temperature surface boundary. The authors explored two different scenarios dealing with the origin of the basaltic achondrites: in the first the origin is linked to partial silicate melting, in the second to the residual melt left after the crystallization in a cooling magma ocean. The core-mantle differentiation in both the scenarios initiated subsequent to 40 vol.% silicate melting.
In literature we also find many papers dedicated to the study of accretion and differentiation of generic asteroids. Merk et al. (2002) examined the influence of the accretion process on the thermal evolution. They concluded that the accretion rate must be considered as long as the accretion time was not much smaller than the half-life of the radionuclide under study. Hevey & Sanders (2006) also incorporated convection in their thermal evolution models of planetesimals assuming that mantle regions where the degree of partial melting exceeded 50 vol.%, i.e. a magma ocean (Taylor et al. 1993) , would be convecting. They simulate mantle convection by assuming that at temperatures greater than 1725 K the thermal conductivity increases by three orders of magnitude. As a result, heat is transferred rapidly from the convecting interior into the overlying rigid, partially molten zone. These authors modeled the primordial history of the planetesimals by analyzing the sintering process when the temperature reaches the value of ∼700 K. The authors concluded that parent bodies of differentiated meteorites accreted within 2 Ma from CAIs before most chondritic parent bodies and they suggested that molten planetesimals may be a source for chondrule melt droplets. Sahijpal et al. (2007) performed numerical simulations of the differentiation of planetesimals undergoing a linear accretion growth with both 26 Al and 60 Fe as the heat sources. They studied in particular the dependence of the growth rate of the Fe, Ni-FeS core on the onset time of planetesimal accretion (relative to CAIs formation), the (constant) accretion rate, the final size of the planetesimal, and the 60 Fe/ 56 Fe initial ratio. They did not use a radiation boundary condition but they included the sintering and linear accretion. The authors developed two scenarios: in the first, the core grew gradually before silicate began to melt and in the second the core segregated once the silicate had become 40% molten. In their model they showed that the rate and time of core and crust formation depend strongly on the onset time of the planetesimal accretion: significant melting occurred when accretion was completed before 2 Ma.
Recently, Moskovitz & Gaidos (2011) studied how the migration of silicate melt and in particular the redistribution of 26 Al from the interior into a crustal layer would affect the thermal evolution of planetesimal. In their model, core formation would require a bulk melting degree of 50 vol.%. They only considered the case of instantaneous accretion but they did not include convection or sintering and they used a fixed temperature at the surface. The authors concluded that differentiation would be most likely for planetesimals larger than 20 km in diameter and that accreted within approximately 2.7 Ma from CAIs. Sramek et al. (2012) presented a multiphase model for differentiation of planetesimals which takes into account phase separations by compaction driven melt migration. According to these authors, for the bodies with radii greater than 500 km, impacts provide an additional heat source. They included accretion, sintering, radiation boundary condition, analyzing the evolution of the internal structure. The authors concluded that, depending on the accretion rate, melting may start either in the center, or directly under the surface, or both: as noted by Merk et al. (2002) , accretion phase plays a crucial role in the thermal history of planetesimals. Neumann et al. (2012) focused on the differentiation of small planetesimals (< 120 km) for melt fractions smaller than 50 vol.%. They combined the calculation of conduction, accretion, sintering, melting and melt segregation by porous flow. The authors showed that the differentiation of planetesimals depends principally on the accretion time and metal and silicate segregation are almost simultaneous processes and last between 0.4 and 10 Ma.
As in Ghosh & McSween (1998) , Merk et al. (2002) , Moskovitz & Gaidos (2011) and Sramek et al. (2012) we do not consider sintering and prefer to analyze the post-sintering phase, exploring different cases of porosities. This is due to the large uncertainties associated to the assumed initial porosities and the corresponding thermal conductivities. The initial value (0.001 W m −1 K −1 ) assumed by Hevey & Sanders (2006) and Sahijpal et al. (2007) is based on laboratory measurements of the lunar regolith in a vacuum (Fountain & West 1970) and, as pointed by Moskovitz & Gaidos (2011) , we do not consider lunar regolith as an ideal analog for an unsintered planetesimal. Similarly we do not model accretion, as in Ghosh & McSween (1998) , Hevey & Sanders (2006) and Moskovitz & Gaidos (2011) . As pointed by Moskovitz & Gaidos (2011) , recent dynamical studies treating the turbulent concentration of small particles in proto-planetary disks (Johansen et al. 2007 (Johansen et al. , 2009 Cuzzi et al. 2010) showed that planetesimals can grow "nearly instantaneously" in < 100 yr to sizes of 100 km or larger. These timescales are much smaller than the half-life of the radionuclides here considered so the accretion time can be considered negligible. We also neglect the heat released by the accretion process since it is insignificant relative the short-lived radionuclide contribution (in the unrealistic case in which all the kinetic energy is converted in heat, the maximum temperature increase possible is about 90 K). As in Neumann et al. (2012) and Sramek et al. (2012) we use a Darcy's law model for segregation of metal and silicates, which is a distinct advance over the earlier Vesta-specific models of Ghosh & McSween (1998) and Gupta & Sahijpal (2010) . The affinity of 26 Al with silicates causes, in our model, a different distribution of the heat in the evolving structure: as a consequence temperatures reach the maximum value in the mantle enriched in silicates, as we observe in the thermal profiles of Ghosh & McSween (1998) but not in Gupta & Sahijpal (2010) . We also assume a radiation boundary condition, unlike of Gupta & Sahijpal (2010) , which led to the study of the evolution of the crust and the depiction of a reliable heating history of Vesta. As Merk et al. (2002) we include Stefan law formulation to incor-porate the effect of latent heat into the evolution.
In the current work we assume as a critical parameter the delay time ∆t d , which incorporates both the delay in the injection of 26 Al in the Solar Nebula and the temporal interval covered by the accretion time of Vesta. The delay time ∆t d is important because it determines the content of radioactive material at the onset of the thermal evolution of Vesta. The longer the delay time, the weaker is the available source. We also develop subscenarios characterized by different post-sintering porosity in order to improve the treatment of the internal structure of the rocky asteroid, in particular the formation and the evolution of the core, by studying its physical and chemical properties, and to depict the primordial history of 4 Vesta (and in general of all rocky asteroid partially or completely differentiated), constraining the accretion and differentiation times. This work provides a theoretical support to data analysis for the Dawn mission, which addresses the investigation of the Vesta's internal structure as well as the composition of the crust and of the underlying mantle in the region of giant impact basins.
Geology and Geochemistry
Vesta formed at the same time and in the same Solar System environment as the terrestrial planets, but the asteroid never grew to planetary size because of the formation of Jupiter at 5.2 AU, which caused disruptive resonances in the Main Belt. Recent papers investigated the bombardment on Vesta due to Jupiter's formation and to its migration . Their results clearly indicated that the formation of the giant planet caused an intense early bombardment in the orbital region of the Main Belt. In the most extreme scenario, for Jupiter migrating by 1 AU, the basaltic crust of Vesta would not have survived intact to the Jovian Early Bombardment (Turrini et al. 2012 ). In the other studied cases, Vesta's surface is saturated by craters as big as 100 km and its crust would have significantly eroded Turrini submitted) .
Evidence for rapid iron-silicate differentiation of asteroids, i.e. the formation of the core, comes from 182 Hf-182 W concentration variations in iron meteorites (Horan et al. 1989; Kleine et al. 2004) . Markowsky et al. (2005) confirmed that metalsilicate differentiation must have occurred on the parent body of magmatic irons no later than ∼1 Ma after CAIs. Early differentiation is also supported by the presence of excesses of 26 Mg from the decay of extinct 26 Al in angrites (Bizzarro et al. 2005) and in the eucrites Piplia Kalan (Srinivasan et al. 1999) and Asuka 881394 (Nyquiest et al. 2001) .
Using 182 Hf-182 W data for eucrites, Kleine et al. (2004) showed that mantle differentiation in Vesta (assumed the parent body of eucrites) occurred at 4563.2±1.4 Ma and they suggested that core formation took place 0.9±0.3 Ma before mantle differentiation.
Moreover, the compositions of HEDs have been used to estimate the asteroid's bulk composition and core mass (McSween et al. 2011; Zuber et al. 2011) . The evidence for the formation of a metallic core is provided by the siderophile elements depletions in HEDs relative to chondrites. Righer & Drake (1997) estimated the mass of the core in the range 5-25% of the total mass, based on the models of siderophile elements abundances in chondrites; otherwise, for Ruzicka et al. (1997) the mass of the core is in the range 4-30% of the total mass, based on mixtures of HED minerals that produce chondritic element ratios and using a bulk density of ∼3540 kgm −3 , slightly different with respect to the most recent value (3456 kgm −3 ) given by Russell et al. (2012) . Ruzicka et al. (1997) estimated a metallic core of Vesta of <130 km in radius.
The olivine may be a significant component of the mantle, based on the occurrence of a limited number of olivine-bearing diogenites and a dunite having HEDs oxygen isotopic composition (McSween et al. 2011) . Ruzicka et al. (1997) suggested an olivine-rich mantle ∼65-220 km thick.
The crust of Vesta consists of some mixture of basalts (eucrites) and a significant fraction of ultramafic cumulates (diogenite). Warren et al. (2009) estimated the mixing ratio of basaltic eucrite to diogenite in howardite regolith breccias to be constant at 2:1. The normative mineralogy of that composition is ∼70 vol.% of pyroxene and ∼25 vol.% of plagioclase, corresponding to a value for density of ∼3170 kgm −3 . This ratio, as suggested by Warren et al. (2009) , could be an upper limit (and the real crustal proportions may be closer to 1:1) because of bias in the impact sampling of deeper lithologies. Ruzicka et al. (1997) suggested a lower crustal unit (∼12-43 km thick) composed of pyroxenite from which diogenites were derived and an upper crustal unit (∼23-42 km thick) from which eucrites originated.
While we know that Vesta is a differentiated body, the exact mechanism for the formation of its core is still a matter of debate. In fact, in literature, there are two schools of thought regarding core separation from silicatic matrix. The first scenario for the formation of the core is that the melt fraction of the silicates is required to be larger than about 50 vol.% (Taylor 1992; Taylor et al. 1993) , arguing for the presence of an early magma ocean in a planetesimal to form a core. This assumption is supported by experimental studies that partial melting of meteorites does not show metal migration (Takahashi 1983; Walker & Agee 1988) . The second scenario suggests that iron segregation and possibly core formation can start already for small melt fractions of iron (Larimer 1995; Hewins & Newsom 1988) even before silicate starts to melt. This assumption is supported by the observations of Fe, Ni-FeS veins in the acapulcoite-lodanite parent body (McCoy et al. 1997 ) and by recent experiments suggesting an interconnected melt network for pressures below 2-3 GPa (Terasaki et al. 2008 ).
The Model

Initial and Boundary Conditions of the Model
Our model is based on 1D heat conduction with radiogenic heat source and with black-body radiation at the surface. We assume Vesta as a spherical body of fixed radius equal to 270 km and initially composed of a homogenous mixture of two components, the first one (∼25 vol.%) generically referred to as metals (essentially Fe and Fe-S) and the second (∼75 vol.%) generically referred to as silicates. This composition is similar to those of the H and L classes of the ordinary chondrites, which contain significant amounts of metals (McSween 1990) even if the inferred composition for Vesta is slightly different, as it appears to be strongly depleted in sodium and potassium (Consolmagno & Drake 1977) . The post-sintering porosity ranges from 1 to 5 vol.%. We opt for these values of porosity because the lower bulk density estimate derived from Dawn suggests 5 to 6 vol.% in the mantle and crust, which is consistent with Vesta's intense bombardment history as revealed by Dawn (Russell et al. 2012) . The initial temperature (T 0 ) of the body (that is also the local temperature of the Solar Nebula) is fixed to 200 K (Lewis 1974 ): a change of T 0 to 300 K does not affect the results in any significant way. During the thermal evolution, the silicatic and metallic fractions per unit of volume change as a consequence of differentiation. The physical parameters density, specific heat and thermal conductivity of each volume unit also change accordingly. We impose a radiation boundary condition at the surface and a Neumann boundary condition (heat flux equal to zero) at the center, as expressed by the following equations:
where T surf is the temperature of the surface, ε is the emissivity and σ is the Stefan-Boltzmann constant (see Table 1 ).
Physical Description of the Model
To numerically study the thermal evolution of Vesta we take into account the heating due to decay of 26 Al, 60 Fe and long-lived radionuclides (e.g. 238 U, 235 U). The initial concentrations of the two short-lived radioactive elements 26 Al and 60 Fe together with their half-lives are reported in Table  1 .
The equation of heat transfer in a porous medium, assuming local thermal equilibrium so that T sol = T liq = T (here sol stands for solid and liq for fluid taking averages over an unit of volume), becomes (following Nield & Bejan 2006) :
where
are the overall heat capacity and the overall thermal conductivity respectively; H is the overall heat production per unit volume of the medium. The surface temperature (T surf ) is controlled by the radiation boundary condition (see the eq. (3)). The volumetric radiogenic heating rate, due to 26 Al decay, following Castillo-Rogez et al. (2007) , can be expressed as:
whereρ is the mean density, C Si is the mass fraction of the silicates, [
26 Al] 0 is the initial concentration of 26 Al in kg for kg of silicates, λ = ln(2)/τ Al is the decay constant and H * is the specific power production (see Castillo-Rogez et al. 2007 and Table 1). An analogous formulation holds for 60 Fe and long-lived radionuclides (for decay information see Table of Castillo -Rogez et al. 2007) .
Once the melting temperature of Fe-FeS (or of silicates) is reached, partial or complete melting occurs depending on the parameter
following Merk et al. (2002) and assuming a linear growth of χ with raising temperature (T ). The values of the temperature for the initial (T sol ) and complete (T liq ) melting temperature of metals (or of silicates) are reported in Table 1 . Also following Merk et al. (2002) , the specific heat (that we assume not to depend on the temperature) is modified through the Stefan coefficient,
to take into account in a simple way the latent heat during phase transition:
As in Ghosh & McSween (1998) , iron melting is initiated at 1213 K, the melting temperature of the eutectic Fe-FeS system, and silicate melt generation is assumed to initiate at 1425 K (see Table 1 ). The entire latent heat for melting is assumed to be expended in a temperature "window" between solidus and liquidus (Ghosh & McSween 1998) . This simplification of temperature "windows" does not change the whole thermal history by being the exact latent heat supplied to cause silicate and metallic melting. The percolation of the metals through the silicate matrix, starting at 1213 K, is governed by the advection equation. If we assume Y to be the concentration of the metals, the equation reads:
in which v is the migration velocity of the molten metal, given by Darcy's law. The chemical diffusion is assumed negligible. The migration velocity of molten metal, following Yoshino et al. (2003 Yoshino et al. ( , 2004 and Senshu & Matsui (2006) , can be expressed:
where K D is the permeability of the silicate medium, µ = 0.005 Pa·s is the viscosity of molten iron, g is the gravitational acceleration, ∆ρ is the density contrast between molten metal and solid silicate (see Table 1 ). The permeability-porosity relationship is expressed by:
where φ is the porosity, r g = 10 −3 m is the grain size, β = 200 is a geometrical constant and n = 2 is predicted in an isotropic model with regular pore network along the edge of grains with tetrakaidecahedron form (Yoshino et al. 2004) .
As noted by Yoshino et al. (2003) , if permeable flow is established, segregation velocities (which vary in the range 1-100 m/a) are rapid in comparison with the timescale of core formation predicted from the 182 Hf-182 W isotope system. During the percolation the volume fraction of the metallic component (Y ) goes down enriching the forming core region. When the temperature reaches the value of the 50 vol.% melting temperature of the silicate (assumed to be 1725 K, Taylor 1992), the separation of two melts occurs and the silicate component (X) moves upwards to the mantle region dragging 26 Al with it. At the end of this phase, the core becomes pure metallic because the melted metals, being more dense than silicatic ones, sinks to the center. During the evolution, the concentration of Al grows in the mantle underneath the lithosphere while the density profile varies due to the differentiation and the moment of inertia factor decreases starting from the initial characteristic value of 0.4 for a uniform sphere.
We investigate several evolutive scenarios, varying the strength of the radiogenic sources through the delay time (∆ t ) and the porosity. The combined solution of the eqs. (4) and (10) led us to study the evolution of the internal structure, constraining formation time, size and mass of the core of Vesta, the size of the "crust" and the temperature profile as a function of the distance from the center and of the time.
Numerical Procedure
The numerical solution of the system of differential equations (4) and (10) is obtained using a 1D finite difference method (Forward-Time CentralSpace, FTCS ) in radial direction. A spatial grid of ∆r = 300 m is used. To avoid numerical stability problems due to the instability of the FTCS scheme we use the Lax correction (Press et al. 2007) .
To ensure the stability of our numerical approach, we use an adaptive time increment according to the Courant-Friedrichs-Lewy stability conditions for each of the physical processes (heat diffusion, metal percolation, radiation boundary condition) we consider in our work. Following Toksoz & Solomon (1973) , thermal conduction imposes the following critical time step:
In analogy with Toksoz & Solomon (1973) , we can define the following critical time step associated to the radiation boundary condition:
Finally, while the percolation of metals is taking place, we need to solve also eq.(10) and introduce a third critical time step:
where v is the velocity of the metal percolation. The Courant-Friedrichs-Lewy stability condition requires that the time step used in our model satisfies the following criterion:
Therefore, at each temporal iteration of the program we select the actual time step based on the minimum critical time step among those we computed. As the stability condition requires the actual time step to be lower than the critical one, we chose to use a value equal to 90% of the smallest critical time step as a compromise between the competing needs for stability and performances. So, our time step is defined as:
Results
The results of our geophysical and thermal model depend on all the various physical parameters that we reported in Table 1 and described previously.
In the following discussion we will first focus on the dependence of the evolution of Vesta from the delay time (∆t d ). The delay time is essentially an unknown parameter, but it is critical in determining the initial overall abundance of short-lived radioactive elements, i.e. the intensity of the source of energy, the maximum temperature reached during the evolution and then the cooling behavior of the object. of the condensation of CAIs) and incorporates the latter, which however is always assumed negligible respect to ∆t d . Our first analysis of the results obtained for the different scenarios was based on the compatibility of the simulated evolution of Vesta with the constrains supplied by the HEDs. As we can see in Figs.1, 2 and 3, in N0-N2 scenarios, which imply delay times less than 1 Ma, the complete melting of silicates is achieved across the whole of the asteroid. In N3 scenario, where the delay time is 1 Ma, complete melting of silicates is achieved in a limited region of the mantle of Vesta but in the rest of the asteroid the degree of melting is larger than 50 vol.% with the only exception of the case where the porosity is equal to 5 vol.%. Similarly, in N4 case where ∆t d = 1.4 Ma, the degree of melting is generally lower than 50 vol.%, except possibly in the limited region of the mantle. Finally, if ∆t d > 1.5 Ma, silicate melting is either not possible or is limited only to a small region of the asteroid.
The N0-N3 scenarios are compatible with the results of Greenwood et al. (2005) which link the formation of eucrite and diogenite to large scale (> 50 vol.%) melting of the silicates. This would imply Vesta formed no later than 1 Ma after injection of 26 Al. It is be noted that in those scenarios in which the differentiation takes place, the melting of the silicatic component begins in the first 1 Ma and the differentiation is completed in about 3 Ma. The formation of Vesta between 1 and 1.5 Ma after the injection of 26 Al in the Solar Nebula is compatible with the formation of HEDs if eucrite and diogenites can form from a partial melt ranging to 25-50 vol.%. Those cases where Vesta appeared in the Solar Nebula after more than 1.5 Ma since the injection of 26 Al are not compatible with petrogenesis of HEDs. The conditions to start the formation of eucrites and diogenites are always obtained within 1 to 2 Ma from the formation of Vesta. In Figs. 1, 2 and 3 we set the maximum temperature to 4000 K to ease the comparison: we refer the reader to Figs.4(e), 5(e) and 6(e) for the maximum temperature reached in the different cases.
We observe that the maximum temperature reached in the N0-N2 far exceeds the liquidus silicates melting temperature (1850 K): this happens because in our model we do not take into account other cooling mechanisms (convection and effusive phenomena) other than the conduction and the radiation at the surface. In Figs.4, 5, 6 for three different initial post-sintering porosities, we report in (a), (b), (c), (d) and (e) temperature profiles at different times (0.1, 0.5, 1.5, 3 and 5 Ma), in (f) the maximum temperature vs time profile. In (a), (b), (c), (d) and (e) the horizontal lines represent: the windows for the melting of metals (green and red) and silicates (cyan and magenta). Note that we report in Figs. 4 -6 (in (a) -(e) ) the profiles of N0-N4 scenarios while we neglect N5 and N6 because in these scenarios the differentiation of the asteroid does not take place. The general trend we observe in the different cases is the following. The first phase is characterized by a homogeneous heating of the asteroid. The second one is an increase of the temperature in the region in which the metal is depleting and migrating to the center of the asteroid. The final phase is the formation of the metallic core followed by the migration of the silicates (with the 26 Al) towards the surface and the increase of the temperature in the mantle of the asteroid. When the differentiation occurs, the formation of a pure metallic core is possible. For a delay of about 1.5 Ma, the formation of the metallic core is possible only if the porosity is lower than 5 vol.%.
We point out that, with the assumed chondritic composition and in the limits of 1D modeling, in those scenarios in which the differentiation takes place, the formation of a core of about 60 km (with a density of about 6200 kgm −3 ) is possible. Its mass represents about the 2 vol.% of the total mass, slightly lower than the minimum value (4 vol.%) given by Ruzicka et al. (1997) , while the moment of inertia (M oI) is 0.33. The core size (60 km) is lower (about 1/2) than Dawn's current estimates. As we can see in Russell et al. (2012) , assuming a core density of 7100 and 7800 kgm −3 , a core size of 107-113 km and a core mass fraction of about 18% were derived using a two-layer mass-balance model that can reproduce the gravitational moment J 2 . The difference between Dawn's estimate of the core size and the current work is due to the 1-D geometry of our model. In such geometry all radial cells have the same unity volume, while in 3-D geometry the contribution of external shells is larger. Assuming an initial metal fraction of about 25 vol.%, the maximum size of a pure metallic core is about 60 km. Probably, assuming a more iron-rich initial composition, the core would be larger and the moment of inertia would be different.
In Fig.4 (a) Vesta heats up maintaining an almost uniform temperature due to the initially homogeneous distribution of 26 Al, in all the scenarios. Due to the strong heating source, after 0.5 Ma (see Fig.4(b) ), very high temperatures are reached in N0 and N1 and this trend continues after 1.5 Ma (see Fig.4(c) ) and also involves N2 scenario. In N3 and N4 silicate melting is still partial. After 3 Ma (see Fig.4(d) ), only in N4 the complete melting of silicates is not reached and the temperature profile is inside the melting temperature window of silicates. In Fig.4(e) , after 5 Ma, the general trend for all the profiles is similar to that after 3 Ma. We report in Fig.4 (f) the maximum temperature vs time and we observe that the differentiation is possible only in N0-N3 scenarios, for which the separation of silicates and metals occurs. The formation of the core takes place between 0.45 and 3. .
We can observe in Figs.5 and 6 (in (a) -(e)) that the evolution of the temperature in the first 5 Ma from CAIs is quite similar to the previous case (i.e. porosity of 1 vol.%). In the case of porosity of 2 vol.%, after 5 Ma Vesta is in the cooling phase in N3 and N4, while if the porosity is equal to 5 vol.% the asteroid enters the cooling phase in all scenarios, except N0 and N1.
In our simulations we observed that the outermost region of Vesta never reaches the melting temperatures of either silicates or metals. This region would maintain the original composition of the predifferentiated Vesta and we therefore named it the chondritic crust. Alongside the chondritic crust, we can derive from our simulations the thickness of the outer layer of material that is below the melting temperature of silicates (i.e. solid, SL in the following). Before the differentiation, the solid layer instantaneously coincides with the (shrinking) chondritic crust but, after differentiation occurs, it can be interpreted as the sum of the chondritic crust plus the solidifying eucritic and diogenitic layers. The evolution of the SL (chondritic crust) is identified, in the plots of Figs.4, 5 and 6 by the outermost intersection between the temperature profile and the line corresponding to the onset of silicate (metal) melting. This behavior is present also in the modeling of Ghosh & McSween (1998) , who however assumed this point to be fixed. In this work, instead, the location of this intersection moves in time depending on the characteristics of the scenarios (see Table 3 ).
In Table 3 , we report the results obtained for different values of ∆t d and post-sintering porosity, in particular the time at which the metal (τ met ) melting begins (T = 1213 K), the time of formation of core (τ core ), the time at which the silicate (τ sil ) melting ends (T = 1850 K), the size of the surviving chondritic crust, the size of the SL after 3 and 5 Ma, the maximum degree of the silicate melting and the maximum temperature reached inside the asteroid after 5 Ma. The formation of the core (i.e. the separation of two melts) begins when the temperature reaches 1725 K in the region containing metals: τ core indicates the time when all metals migrated toward the center.
In the case of 1 vol.% porosity, the thickness of the chondritic crust ranges from 3 to 17 km, while the thickness of the solid layer ranges from 7 to 21 km after 3 Ma and from 8 to 27 km after 5 Ma. In cases of porosity of 2 and 5 vol.%, the chondritic crust ranges from 4 to 18 km and 4 to 19 km, respectively. After 3 Ma the SL ranges from 8 to 21 km and after 5 Ma the SL ranges from 9 to 30 km in both cases (see Table 3 ).
It is be noted that the temperature at the surface, while never reaching the solidus temperature of pure iron metal, can reach values as high as 1000 K. It is also noteworthy that the SL thickness implies a ∼5-10 km thick eucritic layer can already form between 3 and 5 Ma, in agreement with the dating of the oldest eucrites described by Bizzarro et al. (2005) .
Scenario Delay [Ma] 
Conclusions
In this paper we investigated the thermal history of Vesta across the first 5 Ma of its history. We focused our analysis on the effects of time passed between the injection of 26 Al in the Solar Nebula and the formation of Vesta (which is assumed instantaneous), and consequently the content of 26 Al, and of the initial porosity on the subsequent evolution of the asteroid. Our model is based on the simultaneous study of the evolution of the internal structure (percolation of metals and separation of silicatic and metallic melts) and the thermal heating of the asteroid, due to 26 Al and other short and long-lived radionuclides. We observed that the main source of energy is represented by 26 Al while the contribution of the other radionuclides is negligible.
At the surface, the balance between thermal heating and the black-body radiation into space offers a more realistic picture of the thermal history than a simple case in which the temperature of the surface is fixed to a constant value. We explored several scenarios (N0-N6) characterized by different radiogenic strengths, expressed by a delayparameter (∆t d ) ranging from 0 to 2.16 Ma. We opted for an initial composition of about 75 vol.% of silicates and about 25 vol.% (similar to H or L chondrite compositions): the chosen values of the porosity are 1, 2 and 5 vol.%. In the scenarios in which the differentiation takes place a metallic core is always formed, its formation time ranging from about 0.5 to 3.5 Ma. We also observed the solidification of a surface layer whose maximum thickness is about 30 km. This solid layer is composed by an unmelted chondritic crust with its thickness reaching the maximum of about 20 km and the exact value strongly depending on the delay time (∆t d ). A ∼5-10 km thick layer (which can be interpreted as the topmost part of the eucritic layer observed by Dawn) can already form beneath the chondritic crust between 3 and 5 Ma, in agreement with the dating of the oldest eucrites described by Bizzarro et al. (2005) . The solidification of this layer is possible even in absence of convection and volcanism, but only considering conduction of heat and radiation at the surface.
It is interesting to note that the existence of a chondritic crust overlying a differentiated interior was speculated by Elkins-Tanton et al. (2011) , based on analytic arguments, for the other two largest bodies in the asteroid belt, Ceres and Pallas, but not for Vesta. Moreover, the independent results obtained by Tkalcec et al. (2013) using a 2D finite difference code confirm our findings: while not explicitly discussed in their paper, their Figs. 4 and S2 clearly show the existence of a surface layer of material that never experiences melting (i.e. our chondritic crust) whose thickness varies between 3 and 7 km. A further comparison between the two models also reveals an agreement between the constrains on the formation time of Vesta (G. Golabek, personal communication), i.e. Vesta's formation should have occurred preferably before 1 Ma and, more generally, no later than 1.5 Ma respect to the injection of 26 Al in the Solar Nebula (which, in their work, coincides with CAIs crystallization).
The survival of the chondritic crust and the rate of solidification of the underlying eucritic layer are particularly important to understand the geophysical and thermal evolution of Vesta as, across the temporal interval here investigated, the asteroid underwent a bombardment caused by the formation of Jupiter . The Jovian Early Bombardment, in fact, causes a global erosion of the primordial crust of Vesta (Turrini submitted) and the chondritic crust, not currently observed by Dawn, plays an important role in preserving the eucritic layer. Moreover, the Jovian Early Bombardment can trigger local or large-scale effusive phenomena due to the excavation of craters and the formation of impact basins Turrini submitted) , thus affecting the cooling history of Vesta.
The complete melting of silicates is achieved if Vesta does not form later than 0.8 Ma after the injection of 26 Al in the Solar Nebula while it is achieved in a limited region of the mantle if the formation took place after 1 Ma: in the rest of the asteroid a 50 vol.% melting of silicates occurs. If the formation is completed no later than 1.4 Ma from 26 Al injection the degree of melting is generally lower than 50 vol.%. For delay times of more than 1.5 Ma the melting, when occurring, is limited in a small region of the asteroid.
The formation of Vesta should not have occurred later than 1 Ma after 26 Al injection, if the crystallization of eucrites and diogenites are linked to a large degree (more than 50 vol.%) of silicate melting (Greenwood et al. 2005 Table 3 : Summary of scenarios. We report the time at which the metal melting occurs (τ met , T = 1213 K), the time of formation of the core (τ core ), the time at which the silicate melting ends (τ sil , T = 1850 K), the chondritic crust thickness, the solid layer thickness after 3 and 5 Ma, the percentage of silicate melt and the maximum temperature reached after 5 Ma. 
